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Nitrogen and CO2 Affect Regrowth and Biomass Partitioning Differently in Forages
of Three Functional Groups
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ABSTRACT CO2 (Hunt et al., 1995; Sæbø and Mortensen, 1995;
Wilsey, 1996). Repeated defoliation decreased CO2-in-Little work has been done to assess the impact of elevated CO2

duced growth enhancements in grasses (Hunt et al.,on responses of forages to defoliation. This study examines regrowth,
1995) and in Lolium perenne L. (Hebeisen et al., 1997)biomass partitioning, and labile C and N metabolites in three func-

tional plant-types: a C3 grass [Pascopyrum smithii (Rydb.) A. Love], under nutrient-limited conditions. However, when nu-
a C4 grass [Bouteloua gracilis (H.B.K.) Lag.], and a forage legume trients were abundant, positive CO2-induced growth en-
(Medicago sativa L.). Plants were grown from seed, defoliated twice, hancements were maintained under defoliation. These
and grown in a controlled environment under a factorial arrangement results indicate the importance of soil nutrients in sus-
of two CO2 [low CO2 (LC), 355 mmol mol21, and high CO2 (HC), 700 taining CO2-induced growth responses of forages, espe-
mmol mol21] and two N nutrition regimes [low N (LN), watered twice cially when subject to defoliation.weekly with half-strength Hoagland’s containing 0 N, and high N

The partitioning of biomass between above- and be-(HN), half-strength Hoagland’s containing 14 mM N]. High N en-
low-ground organs in response to environmental pertur-hanced regrowth in all three species, while high CO2 enhanced re-
bations like CO2 is another important plant trait thatgrowth only in the two C3 species. In M. sativa, CO2 and N treatments
has been studied extensively, but little information existshad no significant effect on k, the allometric growth coefficient. In

contrast, k was reduced in P. smithii plants grown under LN (0.63) on how defoliation might interact with CO2 and affect
compared with HN (0.99). In B. gracilis, low N also reduced k, but partitioning. The enhanced plant growth that generally
it interacted with CO2 so that k was greatest for plants grown at HN/ occurs under elevated CO2 concentrations is often ac-
HC (0.95) and HN/LC (0.89), intermediate at LN/LC (0.58), and least companied by shifts in biomass partitioning, often (al-
at LN/HC (0.44). These results indicate greater partitioning to below- though not always) with increased partitioning of bio-
ground organs (reduced k ) when N is limiting, particularly under mass to belowground organs (Bazzaz, 1990; Rogers etelevated CO2. Significant correlations were established between k and

al., 1994, 1996). Several researchers (Campagna andseveral measures of plant N status, suggesting that the effects of CO2
Margolis, 1989; Hunt et al., 1998; Stulen and den Hertog,on plant biomass partitioning involve N status.
1993) have suggested that such CO2-induced changes in
plant biomass partitioning among organs may be best
understood through an examination of the effects onDespite the importance of the effect of grazing pres-
labile C and N pools and the functional balance hypothe-sure on the production and ecology of rangelands
sis. This hypothesis, proposed by Davidson (1969), statesand pastures (Harris, 1978; Milchunas and Lauenroth,
that partitioning of biomass among plant organs results1993), only a limited amount of attention has been given
from a plant’s tendency towards functional balance, ato studying how CO2 enrichment may interact with defo-
state in which root/shoot activities are adjusted towardsliation. Carbon dioxide enrichment studies with forages
maintenance of a stable C/N ratio.have often included defoliation as a component (Bunce,

A large body of knowledge exists describing different1995; Campbell and Hart, 1996; Lüscher et al., 1996;
plant species responses to elevated CO2, with someOwensby et al., 1999; Schenk et al., 1997), but few have
progress toward identifying different plant functionalexplicitly evaluated how defoliation interacts with CO2 groups in terms of their potential responses to CO2.to effect plant productivity. Growth of frequently (Ryle
Plants possessing the C3 photosynthetic pathway areand Powell, 1992) or periodically (Sæbø and Mortensen,
generally expected to exhibit a greater growth enhance-1995) defoliated white clover (Trifolium repens L.) was
ment from CO2 enrichment since their photosyntheticsignificantly enhanced (30–45%) in plants grown at
apparatus is limited more by present ambient CO2 con-twice ambient CO2 concentrations, but forage regrowth
centrations compared with C4 plants (Bowes, 1991). Evi-of several grass species was affected little or reduced
dence from numerous studies indicates that this expecta-(to the point of inhibition in some cases) at elevated
tion holds (Bazzaz, 1990; Poorter, 1993; Wand et al.,
1999), although it can be complicated by other aspects
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half of the columns receiving 0 (LN) and the other half 14In one of the few studies to evaluate differences among
(HN) mM N as NH4NO3. As the seedlings grew, columns werespecies from different photosynthetic functional groups
irrigated with water as needed to avoid water stress and toin how CO2 enrichment affects regrowth and plant parti-
flush nutrients through the soil.tioning, Wilsey et al. (1997) observed significant growth

Six weeks after emergence, established plants were defoli-enhancements and increased partitioning of plant bio- ated with shears to a 5-cm height and columns transferred to
mass to storage organs from CO2 enrichment in growth an EGC walk-in growth chamber (Environmental Growth
chamber studies of North American C3 grasses, but no Chambers, Inc., Model No. M11, Chagrin Falls, MI, USA)1

CO2 responses in C3, C3/C4 intermediate, and C4 grasses for conditioning to CO2 regimes. Chambers were maintained
from Argentina or Tanzania. at either 355 (ambient or LC) or 700 (elevated or HC) mmol

mol21 CO2, a 14-h photoperiod, 28/178C day/night temperatureDifferences in the capability to fix atmospheric N
regime, 700 mmol m22 s21 photosynthetic photon flux density,may also determine a species’ capacity to respond to
and a daytime vapor pressure deficit of 1.7 kPa. The environ-atmospheric CO2 enrichment. Growth of N-fixing spe-
mental conditions were similar to those observed on the Colo-cies may be more responsive to elevated CO2 given their
rado shortgrass steppe in the summer (Lauenroth and Milchu-additional C sink resulting from N fixation plus the
nas, 1991), and were chosen because of the importance of thisadded available N generated; these two factors should time of year for cattle grazing. After 3 wk of regrowth in the

increase the capacity and activity of a plant’s photosyn- growth chambers, all plants were defoliated a second time to
thetic apparatus, and therefore its capability to respond a 5-cm height. For the grasses, this cutting height removed all
to CO2 enrichment. In fact, legumes often do exhibit mature leaf blades, leaving only sheaths and enclosed elongat-
superior growth response to CO2 enrichment in N-lim- ing laminae. P. smithii is rhizomatous, so in addition to shoot

growth arising from the main stem and crowns of the twoited systems compared with associated grasses (Heb-
selected plants, additional shoots were initiated by rhizomes.eisen et al., 1997; Luscher et al., 1996; Sæbø and Mor-
Any such rhizomatous growth was excised at the soil surface.tensen, 1995; Schenk et al., 1997), although cool
Any unfolded M. sativa leaves remaining below the 5-cm cut-temperature can shift the balance towards cool-season
ting height were also removed. After this second defoliation,grasses (Campbell and Hart, 1996).
the following biomass and metabolite samples were taken.This study evaluates regrowth in three forages of con-

trasting functional groups, Pascopyrum smithii (C3 na-
Biomass and Metabolitestive perennial grass of the Great Plains), Bouteloua grac-

Sequential harvests made on different columns at 0, 4, 7,ilis (C4 perennial grass of the Great Plains) and Medicago
10, 14 and 20 d after cutting were made to analyze how re-sativa (C3 perennial forage legume) in the 20 d following
growth varied among the three species because of growtha defoliation event under two N and CO2 regimes. We
under different N and CO2 regimes. Plants were separatedhypothesized that, due to differences in photosynthetic
into roots (including rhizomes for P. smithii), crowns, andpathway and N-fixing capability, stimulation of regrowth shoots (regrowth), and lyophilized in a freeze drier. In the

by elevated CO2 would be greatest in M. sativa and least grasses, mature sheaths below the 5-cm cutting height were
in B. gracilis, especially under the low N-fertility regime. included with crowns, while elongating leaves within sheaths
We also evaluated how CO2 enrichment affected the par- were placed with the regrowth. New emergent tillers were
titioning of biomass in defoliated species in relation to excised at the soil surface and placed with regrowth. The distal

5 cm of each leaf blade that was elongating at the time ofthe balanced-growth or functional equilibrium concept
cutting was included with the crowns since those tissues were(Davidson, 1969). Our primary interest was to determine
part of the stubble left after clipping. Medicago sativa regrowthhow tissue concentrations of labile C and N metabolites
included all leaves and stems above a 5-cm height plus alland their relative proportions to each other were af-
unfolded leaves below that height. Biomass of each organ wasfected by different CO2 and N treatments, and how
analyzed and partitioned into N compounds, nonstructuralvariability in these labile metabolites related to biomass carbohydrates, and structural biomass [organ dry matter 2

partitioning in the 10 to 20 d after defoliation. Since (nonstructural carbohydrates 1 labile N compounds)] ac-
elevated CO2 often leads to reduced tissue N concentra- cording to Skinner et al. (1999).
tions, we hypothesized that the treatment combination
of elevated CO2 and low soil N availability would likely Partitioning Analysis
result in the lowest tissue N concentrations, particularly

To examine treatment effects on partitioning of structuralin the two grass species, and would lead to increased
biomass between above- and below-ground organs (Troughton,partitioning of biomass to belowground organs. 1956), the allometric growth coefficient (k) was determined for
each species according to the following equation:

MATERIALS AND METHODS
1n S 5 1n b 1 k 1n R

Plant Culture
where S is shoot structural biomass, R is root structural bio-

Polyvinylchloride cylinders 15-cm diameter by 45 cm deep mass, and b is a constant. If k 5 1, then relative root and
were filled with a 50:50 mixture of sand and prairie soil [Remit shoot growth are equal. If k , 1, then relative root growth .
fine sandy loam (Ustollic camborthids)]. Seeds of M. sativa, shoot growth, and when k . 1, then relative root growth ,
B. gracilis, and P. smithii were sown in the soil mixture and shoot growth. The estimates were obtained from harvests per-
the columns were placed in a greenhouse for establishment
at ambient CO2 and daytime temperatures of approximately 1 Mention of a trademark, proprietary product, or vendor does
258C. After germination, seedlings were thinned to two per not constitute a guarantee or warranty of the product by the U.S.
column, and N treatments were begun. Columns received bi- Department of Agriculture and does not imply its approval to the

exclusion of other products or vendors that also may be suitable.weekly additions of half-strength Hoagland’s solution, with



80 CROP SCIENCE, VOL. 41, JANUARY–FEBRUARY 2001

formed 10 to 20 d after defoliation. The first three harvest ment means when the F test indicated significance (P # 0.05).
Correlations calculated between the growth coefficient (k)dates were excluded from analysis because mobilization of

labile reserves was active during this period (Skinner et al., and measures of plant C and N status were performed with
treatment means.1999); this complicated the analysis of root:shoot partitioning

responses, which are better represented by more stable,
steady-state conditions. Further, a lack of significant shoot RESULTS AND DISCUSSION
biomass immediately following defoliation compromised our
ability to detect accurately labile compounds as well as deter- Regrowth
mine shoot biomass. The allometric growth coefficient k repre-

Medicago sativa shoot regrowth was enhanced bysents the balance between shoot and root relative growth
both N and CO2 (Table 1; N and CO2 effects). Effectsrates, and so provides an estimate of treatment effects on
of both CO2 and N on shoot and whole plant regrowthpartitioning that is not confounded by ontogenetic attributes
became greater with time (Table 1; D 3 C and D 3 Nlike plant size (Coleman et al., 1993; Farrar and Williams,

1991). Calculation of a structural k is presumed to reflect more interactions), so at 20 d both shoot and whole-plant
accurately longer-term partitioning responses, unconfounded regrowth was greatest in plants grown at high N and
by the more short-term build-up of labile C and N compounds high CO2 (HN/HC), lowest for plants grown at LN/LC,
in tissues. and intermediate for the other two combinations of N

We evaluated several measures of whole-plant C and N and CO2 (Fig. 1 and 2). Similar treatment separations
status and correlated these measures against k to determine were seen in crown and root dry weights (Fig. 3 and 4).how such measures related to the growth coefficient of recently

Root and crown regrowth was initially greatest fordefoliated plants. In particular, we evaluated whole-plant con-
plants grown under HN/HC, and then appeared to bothcentrations of total non-structural carbohydrates (TNC), labile
decrease and then recover sooner than the other treat-N compounds (Nlab), total N, Nlab as a percentage of total plant
ments in response to defoliation. These responses mayN, and ratios of various C and N compounds. The Nlab fraction

consists mostly of NH4, NO3, and free amino acids. The analysis have been due in part to mobilization of reserve com-
of Nlab, where it is referred to as low molecular weight N pounds, as elevated CO2 increased both the rate and
compounds, plus the N and TNC analyses are described in total amounts of TNC for mobilization in M. sativa
Skinner et al. (1999). (Skinner et al., 1999). However, regrowth in completely

defoliated plants relies totally on storage compounds
for only a few days, and then depends increasingly onStatistics
metabolites generated from the newly formed photosyn-Since only one growth chamber was available for this study,
thetic surfaces (Richards and Caldwell, 1985). Nodulesthe experiment was repeated four times, two times at 350
were apparent on roots of M. sativa at all harvests.mmol mol21 CO2 and two at 700 mmol mol21 CO2. For each
Although not measured, the nodules appeared notice-of the four runs, seedlings were established in the greenhouse
ably larger and more abundant under elevated CO2,and procedures followed as previously described before and

after transfer to the growth chamber. Within each run, a facto- indicating that enhanced regrowth may have been due
rial arrangement of three species, two N concentrations, six in part to increased N fixation (Zanetti et al., 1996).
harvest dates, plus three subsamples (not counted as repli- Stimulation of photosynthesis was also a likely contribu-
cates) for each factorial combination were randomly arranged tor to enhanced growth at elevated CO2 (Bazzaz, 1990;
within the growth chamber for a total of 108 columns. There- Bowes, 1991).
fore, the experiment was analyzed as a split-plot experiment As expected, the summer-like conditions in thewith two replications. The CO2 treatments which consisted of

growth chamber were less favorable for regrowth in P.the four separate runs were treated as the whole plots, and
smithii compared with B. gracilis and M. sativa. By 20 dwere completely randomized. Because responses varied con-
after defoliation, total dry weights of P. smithii plantssiderably among the species, separate analyses were conducted
averaged across all treatments were only 28% of valuesfor each species. Fishers least significant difference means

comparison test was used to test for differences among treat- observed for B. gracilis plants (Fig. 2). In contrast to

Table 1. Analysis of variance results for growth of M. sativa, P. smithii and B. gracilis whole plants and organs for six dates (D; 0, 4,
7, 10, 14, and 20 d after defoliation), two nitrogen (N) regimes (0 and 14 mM N in half-strength Hoagland’s watered twice weekly),
and two CO2 (C) environments (350 and 700 mmol mol21).

Treatments

Species Trait Date N CO2 D 3 N D 3 C N 3 C D 3 N 3 C

M. sativa shoot dw *** *** ** *** *** NS NS
plant dw *** *** 0.06 *** *** ** NS
crown dw *** *** NS 0.06 0.08 ** NS
root dw *** *** NS * * ** NS

P. smithii shoot dw *** *** NS *** *** *** ***
plant dw *** *** NS *** *** *** NS
crown dw *** *** NS *** *** *** NS
root dw *** ** NS 0.06 * NS NS

B. gracilis shoot dw *** *** NS *** *** NS **
plant dw *** *** NS *** *** NS **
crown dw *** *** NS *** NS 0.07 NS
root dw *** ** NS *** *** 0.08 0.08

*, **, and *** indicate significant treatment effect at P # 0.05, 0.01 and 0.001 respectively. P values given between 0.05 and 0.10, otherwise NS ( P . 0.10).
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M. sativa, differences in P. smithii shoot (Fig. 1) and lis (Table 1). Unlike the C3 species, elevated CO2 re-
duced regrowth at HN in this C4 grass (Fig. 1 and 2,whole plant (Fig. 2) dry weights due to CO2 were consid-

erably more evident for plants grown at HN. This is Table 1; D 3 N 3 C interaction).
The reduction in regrowth in B. gracilis at elevatedconsistent with work involving cool-season grasses in

which CO2-induced growth responses were greatest un- CO2 is curious. Elevating CO2 above present ambient
concentrations is often thought to have little direct effectder high N fertility (Hebeisen et al., 1997; Hunt et al.,

1995; Wilsey, 1996). Like M. sativa, crown dry weights on the photosynthetic metabolism in C4 species, al-
though small photosynthetic enhancements have beenof the HN/HC treatment were initially greater, and gen-

erally remained higher throughout the 20 d, suggesting observed in B. gracilis when when CO2 concentrations
were doubled (LeCain and Morgan, 1998; Morgan etan advantage for regrowth of this treatment. However,

mobilization of carbohydrate reserves in this species al., 1994). There is little information concerning why
regrowth in a C4 grass should be significantly reducedwas unaffected by CO2 treatment (Skinner et al., 1999).

Thus, treatment differences in regrowth for this species under CO2 enrichment. Defoliation may decrease the
capability of forages to respond to CO2 (Hebeisen etappear to be driven primarily by increased C fixation.

Similar to results obtained for P. smithii and M. sativa, al., 1997; Schapendonk et al., 1997). This could result
simply from the removal of the photosynthetic surfaceN treatment significantly enhanced regrowth of B. graci-

Fig. 1. Changes in shoot dry weight of M. sativa, P. smithii, and B. Fig. 2. Changes in whole plant dry weights of M. sativa, P. smithii,
and B. gracilis when grown under high/low (H/L) CO2 and Ngracilis when grown under high/low (H/L) CO2 and N regimes

during the 20 d following defoliation. The vertical bars represent 6 regimes during the 20 d following defoliation. The vertical bars
represent 6 standard error of the mean.standard error of the mean.
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Fig. 4. Changes in root dry weight of M. sativa, P. smithii, and B.Fig. 3. Changes in crown dry weight of M. sativa, P. smithii, and B.
gracilis when grown under high/low (H/L) CO2 and N regimesgracilis when grown under high/low (H/L) CO2 and N regimes
during the 20 d following defoliation. The vertical bars represent 6during the 20 d following defoliation. The vertical bars represent 6
standard error of the mean.standard error of the mean.

and may explain why in the present study only B. gracilisupon which the CO2-induced growth response depends.
exhibited reduced regrowth at elevated CO2.In the case of frequently defoliated plants, formation

of smaller tillers may reduce CO2 responses through a
Biomass Partitioningreduction in sink strength (Hebeisen et al., 1997). But

it may also be due to lowered respiration under elevated For all species, root:shoot ratio decreased during the
CO2. Regrowth of defoliated vegetation is initially driven regrowth period (Fig. 5; calculated with shoots’ includ-
solely by respiration in the mobilization and utilization ing crown tissues), a consequence of mobilization of
of reserves. Numerous studies have shown that elevated reserves for above-ground growth, and restoration of
CO2 reduces specific respiration rates in plants (Amthor, the photosynthetic tissues. Root:shoot ratios were some-
1997; Gonzàlez-Meler et al., 1996; Wullschleger et al., times greater under the LN regime. In M. sativa, greater
1994). Although there is little information on how ele- root:shoot ratios under LN were detected only in plants
vated CO2 might affect respiration involved in plant grown at LC (P , 0.05). At HC, root:shoot ratios were
regrowth, reduced respiration may sometimes down-regu- similar between N treatments, and similar as well to
late regrowth processes analogous to elevated CO2 ratios observed in HN/LC plants. Root:shoot ratios were
down-regulating photosynthesis. This may have espe- generally greater in B. gracilis grown at LN, but, in
cially important consequences for C4 species with less contrast, no consistent treatment trends were observed

in P. smithii. Thus, the end result of treatment combina-potential to respond positively to CO2 than C3 species,
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Table 2. Allometric growth coefficient (k) values for each species,
averaged across all treatment combinations for M. sativa, and
presented only for significant treatments or treatment combina-
tions for P. smithii and B. gracilis.

ANOVA Results

Species Treatment k Source P . F

M. sativa all 0.94 N ns
CO2 ns
N 3 CO2 ns

P. smithii HN† 0.99b N 0.02
LN 0.63a

B. gracilis HN/HC 0.95c N 0.002
LN/HC 0.44a N 3 CO2 0.02
HN/LC 0.89c
LN/LC 0.58b

† Treatments are low nitrogen (LN), high nitrogen (HN), low CO2 (LC)
and high CO2 (HC). When treatment P # 0.05, Fishers least significant
difference means comparison test is shown. Means followed by different
letters are statistically different at the P # 0.05 level.

ric growth coefficient, k, which “corrects” for differ-
ences associated with development and plant size
(Farrar and Gunn, 1996) In M. sativa, the allometric
growth coefficient, k, averaged 0.94 with no significant
treatment effects (Table 2), indicating no change in par-
titioning due to N or CO2 treatments. The value of k
was close to 1, indicating similar relative growth of be-
low- and above-ground organs at the time of measure-
ment. So the resultant higher root:shoot ratios of LN/LC
plants (Fig. 5) was apparently not due to a change in
allocation strategy, but rather to retarded plant growth
(Fig. 2 and 5).

In P. smithii, k averaged 0.63 for LN plants and 0.99
for HN plants, indicating 1) relative growth of roots
was greater than shoots in LN plants, whereas relative
growth was approximately equal between above- and
below-ground organs for HN plants, and 2) LN in-
creased biomass partitioning to belowground organs
(Table 2). No significant effects of CO2 nor interactions
of CO2 with N were detected in P. smithii. In B. gracilis,
LN also significantly reduced k, but a N 3 CO2 interac-
tion was also observed. As a result, the coefficient k

Fig. 5. Root:shoot ratio of M. sativa, P. smithii, and B. gracilis when was greatest under HN/LC (0.89) and HN/HC (0.95),
grown under high/low (H/L) CO2 and N regimes during the 20 d intermediate under LN/LC (0.58), and least underfollowing defoliation. The vertical bars represent 6 standard error

LN/HC (0.44) (Table 2).of the mean.

tions on biomass partitioning was inconsistent, although Metabolites and Partitioning
where root:shoot ratios shifted, it was toward higher

Several measures of whole-plant C and N were ana-ratios under LN treatments, suggesting an increased
lyzed for N and CO2 treatment effects (Table 3). Con-distribution of biomass to roots in accordance with
centrations of TNC, as well as the proportion of labileachieving a functional balance of tissue N.
C (Clab; TNC 2 storage carbohydrates) to Nlab wereThe distribution of biomass between shoots and be-
almost always greater in each species at HC comparedlow-ground organs is homeostatic, i.e., it tends to pre-
with LC, suggesting that photosynthetic enhancementsserve a constant relationship between the relative
in all three species grown at elevated CO2 were sufficientgrowth of all tissues, presumably to maintain a func-
to elevate carbohydrate concentrations. Concentrationstional balance of resource acquisition. However, the end
of whole-plant N were generally less for plants grownresult of that distribution, the root:shoot ratio, is an
at HC, especially when expressed on a plant dry weightallometric trait that varies with development and plant
(DW) basis. The effect of CO2 on N was sometimessize, and may not provide an unambiguous measure
less evident when expressed on a structural dry weightof partitioning (Coleman et al., 1993). The analysis of
(SDW) basis or in terms of Nlab, indicating that part oftreatment effects like N or CO2 on biomass distribution
the CO2-induced drop in plant N concentration was dueand the maintenance of functional balance of plant or-

gans are better understood in the context of the allomet- to carbohydrate dilution. Concentrations of N appeared
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Table 3. Measures of whole-plant C and N status for 10 to 20 d after defoliation of three forage species.

Species Treatment TNC† Nlab Total N Total N Nlab TNC/N TNC/Nlab Clab/Nlab Sucr. /Nlab

mg/g SDW mg/g DW mg/g Tot N
M. sativa HN/HC§ 329b‡ 6.8bc 26b 18b 272a 2.3b 11.7a 3.1a 1.7a

LN/HC 429a 7.3ab 26b 17b 282a 2.8a 12.3a 2.9a 1.6a
HN/LC 122c 7.6a 30a 25a 272a 0.8c 3.5b 1.4b 0.9b
LN/LC 135c 6.5c 29a 24a 242b 1.0c 4.7b 1.7b 1.1b

B. gracilis HN/HC 137a 4.6a 21a 18a 225a 1.1b 7.1b 2.6b 1.1c
LN/HC 142a 2.1c 11c 9c 216a 2.5a 15.4a 5.4a 2.3a
HN/LC 44b 3.9b 20a 19a 193b 0.4d 2.4c 1.5c 0.9c
LN/LC 58b 2.2c 13b 12b 163c 0.8c 7.0b 3.2b 1.8b

P. smithii HN/HC 86a 5.5a 21a 19ab 253a 0.7b 4.2b 2.2b 0.9c
LN/HC 94a 3.4b 14b 13c 246a 1.3a 7.6a 4.4a 1.7a
HN/LC 39b 3.9b 22a 20a 181b 0.3c 2.6c 2.3b 1.1bc
LN/LC 45b 3.4b 20a 18b 179b 0.4c 3.1bc 2.8b 1.3b

† Abbreviations are total non-structural carbohydrates (TNC), labile N (Nlab) and C (Clab) metabolites, structural dry weight (SDW), dry weight (DW),
and sucrose (sucr.).

‡ When treatment P # 0.05, Fishers least significant difference means comparison test is shown. Means followed by different letters are statistically
different at the P # 0.05 level.

§ Treatment designations are high N (HN), low N (LN), high CO2 (HC) and low CO2 (LC).

greater under LN in M. sativa compared with the two grass species, growth under the low N fertility regime
caused significant reductions in concentrations of totalgrass species, and the effect of N treatment on whole-

plant N concentrations was more evident in the grasses. N and labile N compounds, and shifted biomass parti-
tioning in favor of below-ground organs compared withWhile no data were collected to indicate whether N

fixation was significant enough in these M. sativa plants N-fertilized plants. This shift was greatest in B. gracilis
plants grown under LN/HC, the treatment combinationto affect their response to CO2, it does seem likely that

their N-fixing capacity, although limited in seeding-year that resulted in the lowest whole-plant N levels in the
study. These results are consistent with our hypothesisplants, may have been an important factor in the differ-

ent responses observed for the grasses and M. sativa. that alterations in biomass partitioning under elevated
CO2 will likely occur in the low N environment, in accor-To explore the relationship between biomass parti-

tioning and levels of metabolites for the grass species, dance with functional balance. We suspect the lack of
a direct or interactive effect of CO2 on partitioning incorrelations between k and the C and N metabolite

measures from Table 3 were investigated. No correla- P. smithii was due to its low growth rate and generally
higher N concentrations compared with B. gracilis. Fortions were done on M. sativa since we could not detect

a significant treatment response of k for this species. CO2 to have a significant effect on plant partitioning,
growth must reach a sufficient rate in proportion to soilFor B. gracilis alone and an analysis combining both

grass species, several measures of plant N status (Total N supply to elicit an adaptive response. In a general
sense, these results clearly indicate that any alterationsN expressed on a DW basis, Total N expressed on a

SDW basis, and Nlab expressed on a SDW basis), and in root:shoot partitioning which accompany CO2 enrich-
ment are contingent on other environmental factors,the ratio of sucrose to Nlab were all significantly corre-

lated with k (Table 4). The signs of the correlations and are consistent with the literature which suggests
increased partitioning of biomass to roots under ele-indicate increased structural biomass partitioning to be-

lowground organs with either low tissue N concentra- vated CO2 is more likely when nutrients or water are
limiting (Rogers et al., 1994, 1996). The results alsotions or proportional high levels of sucrose relative to

Nlab. In P. smithii, only Nlab on a SDW basis was signifi- underscore the inadequacy of evaluating partitioning
responses soley in terms of root:shoot ratios, and thecantly correlated with k.

In summary, no significant change in distribution importance of considering the relative growth responses
of plant organs to identify treatment-related parti-strategy was detected in the N-fixer, M. sativa, in re-

sponse to CO2 and N treatments. Further, the magnitude tioning responses.
Our motivation in evaluating several measures andand significance of changes in whole-plant N and C

compounds in reaction to N and CO2 treatments were proportions of labile C and N compounds was that such
metabolite pools may be more closely related to parti-less than observed in the two grass species. For both

Table 4. Correlations between allometric growth coefficient (k) and several measures of whole-plant C and N status for 10 to 20 d after
defoliation of two forage species. A positive correlation indicates that partitioning to shoots increased as the particular parameter
increased. A negative correlation is an indication of increased partitioning to roots.

Species TNC‡ Nlab Total N Total N Nlab TNC/N TNC/Nlab Clab/Nlab Sucr./Nlab

SDW basis DW basis Tot N basis
B. gracilis 20.17 0.97* 0.98* 0.99** 0.13 20.70 20.78 20.87 20.97*
P. smithii 0.17 0.94† 0.59 0.64 0.25 20.30 20.37 20.74 20.88
Grass Spp. 20.05 0.97* 0.92† 0.95* 0.29 20.59 20.67 20.81 20.95*

*, **, † Significant at P 5 0.05, 0.01, or 0.10, respectively.
‡ Abbreviations are total non-structural carbohydrates (TNC), labile N (Nlab) and C (Clab) metabolites, structural dry weight (SDW), dry weight (DW),

and sucrose (sucr.).
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tioning responses than more traditionally and easily can stimulate growth of C4 grasses, especially in water-
limited environments because of increased water usemeasured attributes like total plant tissue N concentra-

tion (Campagna and Margolis, 1989; Stulen and den efficiency (e.g., Owensby et al., 1999). On the other
hand, there are examples of studies in which elevatedHertog, 1993). Our results did not fully support this

notion. Although strong negative correlations were ob- CO2 did not elicit growth responses in second- and third-
year M. sativa (Bunce, 1995). So the use of functionalserved between k and the ratio of sucrose to Nlab, this was

the only attribute involving carbon that was significantly group knowledge needs to be applied carefully, because
of environmental interactions with CO2, many of whichrelated to k. All others were nonsignificant. Several

measures of whole-plant N that were unrelated to C or are still poorly understood. Our results also indicate
that changes in plant biomass partitioning from CO2C forms were significantly correlated with k, including

the strongest correlation which was established between enrichment may be considered in terms of the balanced
growth concept. Strong relationships between variousk and total-plant N expressed on a SDW basis. The lack

of any treatment effects on k in the N-fixer, M. sativa, plant N attributes in the grasses and biomass parti-
tioning responses in this study indicate that whole plantlends indirect support for the importance of N in con-

trolling partitioning. On balance, this experiment con- measures of plant N will likely be useful for modeling
and interpretive applications in situations in whichfirms the importance of N and N metabolites in plant

partitioning responses, but does not provide strong cor- plants are subjected to variable N or elevated CO2. Fi-
nally, because of their capability to fix N, CO2 enrichmentrelative evidence linking C metabolites to partitioning.

This lack of evidence does not negate the importance may not be as likely to lead to increased partitioning
below-ground in legumes compared with grasses, andof such C metabolite pools and their proportions in

regulating plant biomass partitioning. Proof of links be- productivity may be more responsive to elevated CO2

compared with grasses, especially in N-limited, semi-tween metabolites measured at one or just a few points
in time with growth events that occur over weeks may arid rangelands where the water relations benefit of

elevated CO2 is likely to be important. Field studies inbe difficult to accomplish. While it seems feasible that
labile forms of metabolites may regulate plant parti- which legumes can be grown in competition with other

species will be needed to confirm this.tioning responses, a very limited number of whole plant
or even organ-level metabolite analyses may be insuffi-
cient to reveal more localized metabolite responses that ACKNOWLEDGMENTS
could be involved in regulating organ relative growth
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